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A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T  Abbreviations: FBS, fetal bovine serum; HB-EGF, heparin-binding epidermal growth factor-like growth factor; GFAP, glial fibrillary acidic protein; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; DMSO, dimethyl sulfoxide; DAPI, 4',6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; BSF medium, serum-free medium base medium; SF-I medium, serum-free medium with insulin; SF-H medium, serum-free medium with HB-EGF; SF-I-H medium, serum-free medium with insulin plus HB-EGF; RT, room temperature; PI, propidium iodide.
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Introduction
Astrocytes are the predominant cells type in the brain and play a pivotal role in the function of the central nervous system under physiological conditions (Chung et al., 2015; Herculano-Houzel, 2014; Molofsky and Deneen, 2015) . Astrocytes are involved in brain metabolism, amino acid neurotransmission, calcium signaling, synapse formation and neural circuit. In addition, astrocytes response to all insults in term of astrogliosis under pathological condition, such as epilepsy, Huntington disease, Parkinson disease, Alzheimer's disease and stroke (Coulter and Steinhauser, 2015; Khakh and Sofroniew, 2015; Lange et al., 2012; Pekny et al., 2016; Schlachetzki et al., 2013; Sofroniew and Vinters, 2010) . Both in vivo and in vitro approaches have been using for study the function of astrocytes. Because of the complexities of brain cell structure and their interactions existing in vivo, in vitro culture methods that overcome the influence of complex brain environment provide critical tools for understanding brain cell functions at the cellular and molecular levels (Hertz et al., 1998; Lange et al., 2012) .
Fetal bovine serum (FBS) was commonly used for in vitro astrocyte culture because it contains growth factors, hormones, vitamins, etc. However, there are several limitations to FBS use. First, the diversity of source herds, animal diet, and manufacturing process led to A C C E P T E D M A N U S C R I P T the unsuitability of FBS. Second, almost 1800 proteins and 4000 metabolites present in serum contributed to the variation of serum composition (Karnieli et al., 2017) . The recent study has shown that extracellular vesicles (EVs) extracted from FBS affected the proliferation and differentiation of skeletal muscle cells, and induced a migratory phenotype in A549 cell line as well (Aswad et al., 2016; Ochieng et al., 2009; Shelke et al., 2014) . Moreover, astrocytes are separated from serum due to the existing of blood-brain barrier in the physical brain condition (Stokum et al., 2015) . Astrocytes interact with serum only when the integrity of blood-brain barrier is disrupted under pathological conditions, such as stroke and brain trauma. In fact, recent studies provided evidences that astrocytes grown in serum-free medium have in vivo-like morphologies (Foo, 2013; Foo et al., 2011; Pozzi et al., 2017) , compared with polygonal fibroblast-like morphologies exhibited of that grown in FBS-containing medium , and further analysis showed that the gene profiles of astrocytes cultured in serum-free medium were much more closely to that in vivo (Foo et al., 2011) . Therefore, to better study astrocyte vital role in central nervous system diseases, it is important to define serum-free medium for astrocyte culture.
Early in 1982, Fisher et al. reported a serum-free medium for astrocyte culture mainly containing insulin and epidermal growth factor (EGF) (Fischer et al., 1982) , later Krause and Debuch reported a successful culture of astrocytes using this medium (Krause and Debuch, 1987) . Studies have demonstrated that insulin acts through insulin receptors with an associated activation in downstream PI3K/AKT pathway to inhibit apoptosis and affect cell survival and growth (Chan-Ling et al., 2009; Garwood et al., 2015; Heni et al., 2011) , while EGF induces astrocyte proliferation primarily through the MAPK-ERK signaling cascade (Mayer et al., 2009; Miyatake et al., 2009) . However, cells grown in this medium were GFAP negative, regarded as less mature astrocytes, which needed horse serum stimulation to get mature after subculture. Sooner after that, a commercial reagent, ITS, composed of insulin, transferrin and selenite was reported to replace or reduce the FBS requirement for many adherent cell culture. Nonetheless, ITS was not specific for astrocytes and reported as substituent to replace FBS only after cells cultured in FBS-containing medium at least one week (Oyanagi et al., 2015) . Recently, Nishi and Oyagi reported that heparin-binding
epidermal growth factor-like growth factor (HB-EGF), a more specific growth factor for astrocytes, contributed to neuronal survival and glial cell proliferation (Nishi and Klagsbrun, 2004; Oyagi and Hara, 2012) . Puschmann and Taylor figured out that HB-EGF activated MAPK-ERK1/2 signaling pathway through EGF receptors on astrocytes to promote cell proliferation (Puschmann et al., 2014; Taylor et al., 2014) . Rat and human astrocytes have been successfully cultured in serum-free medium supplemented with HB-EGF (Foo, 2013; Foo et al., 2011; van der Valk et al., 2010; Zhang et al., 2016) . However, this medium was only used to replace FBS-containing medium after at least one week (Puschmann et al., 2014) , or directly used to culture cells with the help of the immunopanning method. As in reports, the latter method required varieties of antibodies to pretreated dishes for purification of astrocytes and fetal calf serum was used to termination of trypsin digestion when detaching of purified cells from dishes, hence it was a time-and cost-consuming method and not avoided using serum thoroughly (Foo, 2013; Foo et al., 2011; Zhang et al., 2016) . Up to now, it was generally recognized that a serum-free medium equal to FBS would be difficult to develop (Heni et al., 2011) , and few comparable serum-free medium for astrocytes have been reported. Given accumulation evidences indicated that insulin was a general hormone for cell culture (Karnieli et al., 2017) , and HB-EGF proved to be specific for astrocyte survival and proliferation (Foo et al., 2011) , we speculated whether the combination use of insulin and HB-EGF in serum-free medium will be effective for astrocyte culture as compared with serum-containing medium.
In the current study, we determined the effect of insulin and HB-EGF alone or together on astrocyte proliferation in serum-free culture conditions using microscopy, 3-(4,5-dimethyl-2-thiazolyl) -2,5-diphenyl-2-H-tetrazolium bromide (MTT) assays, and flow cytometry. Western blot was used to evaluate the activation of the PI3K/AKT and MAPK-ERK1/2 signaling cascades. Our results demonstrated that insulin and HB-EGF have a synergistic effect on astrocyte survival and proliferation, and the medium containing insulin and HB-EGF was more effective for astrocyte culture than FBS medium. In addition, cells grown in this new medium were GFAP positive and presented as in vivo-like morphology. The basal serum-free medium (BSF medium) was composed of DMEM: Neural Basal (1:1, v/v), supplemented with sodium pyruvate (1 mM), glutamax (1 mM), and bovine serum albumin (100 µg/ml), transferrin (100 µg/mL), putrescine (16 µg/ml), progesterone (60 ng/ml), sodium selenite (40 ng/ml) and NAC (5 mg/ml). A series of serum-free medium was composed of BSF medium supplemented with insulin (5 ng/ml), HB-EGF (5 ng/ml), or insulin (5 ng/ml) plus HB-EGF (5 ng/ml), referred to as SF-I medium, SF-H medium, SF-I-H medium, respectively. These sets of media were used with 3 glucose concentrations (5.5 mM, 12.5 mM and 25 mM). FBS-containing medium was composed of DMEM containing 10% FBS, which was referred to as FBS medium.
Materials and methods
A C C E P T E D M A N U S C R I P T
Cell culture
Primary cells were generated by physical dissociation of rat cerebral cortices according to traditional methods with some modifications (McCarthy and de Vellis, 1980; Yan et al., 2017) . Cells were counted with a hemocytometer and seeded at a density of 1.2×10 5 cells /cm 2 . Fifteen min differential velocity adherence (DVA ) was performed to allow most of cells
attached on the bottom of culture flaks/plates coated with poly-L-lysine (P1524, Sigma-Aldrich, USA) (1 mg/ml), then cell debris that remained in the supernatant was discarded by replacement of culture medium, as shown in fig1A. Cultures were maintained in serum-free or FBS medium in 5% CO2/95% humidified air at 37 °C. We replaced half of the medium on 4 th day and every 2 days later. Cell density and morphology were observed by phase contrast microscope (Zeiss, Germany) every day.
Immunocytofluorescence staining and astrocyte territory size analysis
Immuncytochemistry of glial fibrillary acidic protein (GFAP) and neuronal nuclei (NeuN) was conducted as previously described with some modifications (Shi et al., 2015) . Cells were seeded on coverslips pretreated with poly-L-lysine and cultured in serum-free medium or To compare the size of astrocytes cultured in medium with or without serum, the territory size of astrocytes was measured as previously described (Zhang et al., 2016) . The territory size of astrocytes stained with GFAP was measured by Image-Pro Plus 6.0 software, and the average territory size of astrocytes were counted of 10 astrocytes per field of view with10
views per sample. The experiments were replicated five times.
MTT assay
The cell proliferation rate was determined by the MTT assay on 4 th , 5 th , 6 th and 7 th day after seeding. Ten microliters of MTT solution (M8180, Solarbio, China) (5 mg/ml in 0.01 M PBS) was added and continually incubated at 37 °C for 4 h. Then, the supernatant was carefully discarded, followed by adding 200 μl DMSO (0231, AMRESCO, USA). The optical density (OD) was read at 492 nm using a microplate reader (Infinite® 200 PRO NanoQuant, Tecan, Switzerland), with background subtraction at 650 nm. The experiments were applied with six technical repetitions each time.
Flow cytometry
Flow cytometry was used to examine the cell cycle of astrocytes cultured in serum-free medium and FBS medium for 7 days. Cells were incubated with propidium iodide (PI) (CA1510, Solarbio, China) as standard procedure with a minor of modification (Fazolini et al., 2015) . Cells were harvested, washed with PBS, fixed with cold ethanol overnight at 4 °C, followed by incubation with 100 μl RNAase at 37 °C for 30 min and staining with 400 μl PI (10 mg/mL). The percentage of cells in G1, S or G2/M phase was measured by FACStar flow cytometer (Becton Dickinson, USA) and analyzed by Mod-Fit software (Verity Software House, Inc., ME). The experiments were performed in triplicate.
Western blot
Western blots of AKT, p-AKT, ERK1/2, p-ERK1/2 and -actin were performed as previously described 
Sigma-Aldrich, USA, 1:2500). Then, appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies were incubated for 2 h at 37 °C. After incubating with ECL solution (P1030, Applygen Technologies Inc., Beijing, China), detection was performed using
ChemiDoc system (Bio-Rad, USA). Seven individual experiments were repeated.
Statistical analysis
SPSS 21 for Windows (SPSS Inc., USA) software was used for statistical analyses. All data were expressed as the mean±standard error of the mean (s.e.m.), and at least three replicates were evaluated. Multiple group comparisons were performed by one-way ANOVA, Tukey's post-hoc analysis. Two group comparisons were performed using Student's unpaired t test. A value of p < 0.05 was considered significant.
Results

Serum-free medium containing insulin and HB-EGF promote astrocyte proliferation
Our preliminary results showed that both cells and debris were easily attached to the flasks/plates coated with poly-L-lysine when isolated cell suspension directly planted to culture containing. As the sediment speed of viable cells was faster than debris, we applied 15 min DVA during cell seeding (Fig. 1A) . Results showed that, without 15 min DVA treatment, cells and debris attached to the bottom of flakes on 7 th day of culture, and the debris impacted cell growth and proliferation. In contrast, combined with 15 min DVA treatment, most of the cells attached to flakes and grew well in serum-free medium after 7 days in culture, meanwhile the culture of supernatant which need to be discarded showed a few cells alive (Fig. 1B) . Astrocyte phenotype was confirmed by immunocytochemistry of GFAP positive and NeuN negative (Fig. 1C) .
Then we compared the effects of insulin and HB-EGF alone or together on the survival and proliferation of cultured astrocytes. Under the phase-contrast microscope, the density of astrocytes was high in SF-I-H medium as compared with SF-I or SF-H medium on 7 th day of culture, regardless of glucose concentrations (Fig. 2) . Similar result was further confirmed by MTT assay. Whatever the glucose concentration was, the cell proliferation curve in SF-I-H medium was the fastest one all the time, followed by SF-H and SF-I media (Fig. 3A, B and
. In details, on the 7 th day of primary culture, SF-I-H medium displayed greater cell viability as compared with those in SF-H ( ### p < 0.001) and SF-I media ( *** p < 0.001), independent of the glucose concentrations (Fig. 3 D, E and F) . These results indicated that insulin and HB-EGF synergistically promoted astrocyte survival and proliferation in serum-free medium.
As glucose in culture medium is an essential energy source for cell survival and proliferation, the effects of media with different glucose concentrations (5.5, 12.5 and 25 mM)
on the cell viability were also evaluated. MTT assay showed the cell proliferation curve in SF-I and SF-H media had no consistent tendency among 3 glucose concentrations (Fig. 4A,   B ), but the cell proliferation curve of 12.5 and 25 mM glucose in SF-I-H medium were high compared with 5.5mM glucose (Fig. 4C ). Further analysis revealed that, on 7 th day of culture, 12.5 mM glucose were more effective than 5.5 mM glucose for cell proliferation both in SF-I ( ### p < 0.001) and SF-I-H media ( ## p < 0.01), but without difference from 25mM glucose (Fig. 4D, F) . However, there was no significant difference observed among the three glucose concentrations in SF-H medium on 7 th day of culture (Fig. 4E) . Taken together，we regarded SF-I-H medium containing 12.5 mM glucose as the optimal serum-free medium for astrocyte in vitro culture system. Except as otherwise defined, media were used with 12.5 mM glucose.
Astrocytes showed different morphology and territory size in SF-I-H medium and FBS medium
It is noteworthy that astrocytes in SF-I-H medium showed small cell body with extensive process bearing morphologies after 7 days in culture, while cultured astrocytes in FBS medium exhibited polygonal fibroblast-like morphologies (Fig. 5A ). To quantify this difference, we measured astrocyte territory size by GFAP staining and image analysis.
Although the rate of GFAP positive cells between SF-I-H and FBS media was not statistically significant difference ( 94.5% ± 2.6% and 87.6% ± 13.0% respectively) (Fig. 5C ), astrocytes in FBS medium had larger territory (7.2 ± 1.0) ×10 3 μm 2 ) than that in SF-I-H medium (2.1 ± 0.8) ×10 3 μm 2 ) ( *** p < 0.001) (Fig. 5B) . The same cellular morphology of astrocytes in SF-I-H medium was also presented in SF-I and SF-H media as shown in Fig 2, indicating that FBS in culture medium induced astrocytes to be flat and large.
A C C E P T E D M
A N U S C R I P T
SF-I-H medium showed improvement effect on astrocyte proliferation compared with FBS medium
We then compared the ability to promote cell survival and proliferation between SF-I-H and FBS medium. We found that the cell density under the phase-contrast microscope was higher in SF-I-H medium than in SF-H, SF-I and FBS media after 7 days in culture (Fig. 6A) .
A MTT assay showed the cell proliferation curve in SF-I-H medium was the fastest one, followed by SF-H, FBS, and SF-I media subsequently ( *** p < 0.001) (Fig. 6B) . Similarly, astrocytes in SF-I-H medium displayed greater cell viability compared with SF-H, FBS, and SF-I media on 7 th day of culture ( *** p < 0.001) (Fig. 6C) . These results demonstrated that SF-I-H medium was more potent than FBS medium on promoting astrocyte proliferation.
We further examined the cell cycle distributions of astrocytes grown in serum-free and FBS media by flow cytometry. We observed a significant increase in the percentage of cells in S and G2/M phase accompanied by a proportional decrease in G0/G1 phase in SF-I-H and FBS media after 7 day culture (Fig. 7A, B) , suggesting both SF-I-H and FBS media shifted astrocytes at G1 into S phase and caused distinct increase in DNA synthesis at S phase.
Among 3 serum-free media, the percentage of cells in G0/G1 phase in SF-I-H medium was the lowest ( *** p < 0.001), while S and G2/M phase in SF-I-H medium were the highest compared with SF-I ( *** p < 0.001) and SF-H media ( *** p < 0.001) (Fig. 7C) , indicating that the combination use of insulin and HB-EGF enable more astrocyte re-enter into G1 and S phase than insulin or HB-EGF alone. When compared with FBS medium, although SF-I-H medium showed a lower percentage of cells in S-phase ( *** p < 0.001) and higher in G0/G1 phase ( * p < 0.05), there was no difference in G2/M phase between SF-I-H and FBS media (Fig. 7C) . These results demonstrated that astrocytes in SF-I-H and FBS medium transited from S to G2/M phase at the same level, indicating these two media promoted cell division equivalently.
SF-I-H medium and FBS medium showed comparable ability to activate the PI3K/AKT and MAPK-ERK1/2 signaling pathways
Previous studies have demonstrated that the PI3K/AKT and MAPK-ERK1/2 signaling
pathways regulated cell cycles and promoted astrocyte proliferation (Garwood et al., 2015; Heni et al., 2011; Puschmann et al., 2014; Taylor et al., 2014) . To further investigate the effects of serum-free and FBS media on signaling pathway, we examined total and phosphorylation AKT and ERK1/2 levels of astrocytes after 7day culture in SF-I, SF-H, SF-I-H and FBS media using western blot. There were significant differences between groups for AKT and ERK1/2 activation (Fig. 8) . Insulin alone in serum-free medium resulted in high activation of AKT as FBS medium (Fig. 8A ), but less p-ERK1/2 level than FBS medium (Fig.   8B ). Whereas, HB-EGF alone in serum-free medium had less impact on p-AKT level than FBS medium (Fig. 8A ), but induced high activation of ERK1/2 as FBS medium (Fig. 8B) .
Unsurprisingly, when insulin and HB-EGF were combined used in SF-I-H medium for 7 days, the activation of AKT and ERK1/2 levels were as high as FBS medium (Fig. 8) . Given that SF-I-H and FBS media had equivalent ability to induce astrocyte division as revealed by flow cytometry, we concluded that synergistically activation of AKT and ERK1/2 signaling pathways was essential to promote astrocyte proliferation in vitro, whatever their activation by combination of insulin and HB-EGF or FBS.
Discussion
Currently, there is no consistent view point regarding serum-free medium for astrocyte culture, and little is known concerning whether the effect of serum-free medium is comparable to that of FBS-containing medium. In our study, we developed a serum-free medium supplemented with insulin and HB-EGF, named as SF-I-H medium, which was more effective than insulin or HB-EGF alone for promoting astrocyte survival and proliferation.
Our results further demonstrated that the SF-I-H medium was better than FBS medium for promoting astrocyte survival and proliferation through their synergistic effect on regulation of cell cycle and activation of the PI3K/AKT and MAPK-ERK1/2 signaling pathways. In addition, astrocytes cultured in SF-I-H medium reached confluence on 7 th day and could be used for further study, which was much faster than aforementioned serum-free medium, providing a convenient in vitro model for astrocyte research.
For astrocyte culture in serum-free medium, attachment is one of the critical factors influencing cell growth. Substances, such as poly-L-lysine, rat tail collagen, gelatin, and
human serum-derived protein inter-a-inhibitor (IαI) (Pijuan-Galito et al., 2016) , were commonly used to promote cell adherence. As Poly-L-lysine is a nonspecific attachment factor (Zhang, 2004) , it facilitated viable cells as well as cell debris to attach the bottom of culture containing, but cell debris interfered with astrocyte survival in cultures as shown in our results. The DVA method, also known as preplate technique, has been reported to isolate muscle cells on the basis of selective adhesion at different rates (Gharaibeh et al., 2008; Qu-Petersen et al., 2002) . Our results demonstrated that 15 min DVA treatment was effective to remove cell debris in cell suspension and astrocytes grew well in serum-free medium.
Furthermore, GFAP staining revealed the purity of astrocytes in our SF-I-H medium was 94.5% ± 2.6%. Immunopanning has been reported to prospective purify astrocytes and get rid of cell debris (Foo, 2013; Foo et al., 2011; Wright et al., 1997; Zhang et al., 2016) , however, it required large amount antibodies and many steps. In comparison, 15 min DVA combined with physical dissociation of rat cerebral cortices was a time-and cost-effective method for isolating astrocytes, which will be of great use when culturing astrocyte in serum-free medium during plating cells to poly-L-lysine coated culture dishes.
There are many factors that might impact for specific cell growth in serum-free medium.
Glucose is the major energy substrate of brain and insulin interacts with insulin receptors on astrocytes to influence glucose utilization might through GLUT4 for glycogen synthesis (Ghasemi et al., 2013; Muhic et al., 2015) . Usually, primary astrocytes have been cultured in high glucose medium (25 mM) with or without FBS (Foo, 2013; Foo et al., 2011; Shi et al., 2017; Zhang et al., 2016 ), but we found no different effect on astrocyte proliferation between 12.5 mM and 25 mM glucose, suggesting 12.5 mM glucose was optimal for astrocyte growth in SF-I-H medium. Thereby we cultured astrocytes in SF-I-H medium at 12.5 mM glucose, however, a detailed study of optimal glucose concentration was essential for specific cell culture medium.
Previous studies demonstrated that growth factors and insulin/IGF- synergistically promoted cell cycle entry because of the cooperation between AKT and ERK activation (Chambard et al., 2007) . In our study, only in SF-I-H medium the activation of AKT and ERK1/2 were both higher than that in SF-I and SF-H media, and comparable to that in FBS
medium. Consistent with this, it has been reported that human astrocytes responded to insulin through PI3K/AKT pathway, and responded to HB-EGF through MAPK pathway to promote cell proliferation and improve neural survival (Chu et al., 2014; Heni et al., 2011; Puschmann et al., 2014; Rajasekar et al., 2014) . Interestingly, there is cross-talk between PI3K/AKT and MAPK-ERK1/2 signaling pathways (McCubrey et al., 2007) . Furthermore, it has been demonstrated that these two pathways were both involved in the G1/S and G2/M transition (Chambard et al., 2007; Maddika et al., 2007) . In our study, only in SF-I-H medium the proliferation curve was always higher than FBS and the other 2 serum-free media, and the activation of AKT and ERK1/2 and the cell division promotion were similar to that in FBS medium as well. Taken together, our results suggested that the combination use of insulin and HB-EGF in serum-free medium promoted astrocyte survival and proliferation in vitro through synergistic activation of the PI3K/AKT and MAPK-ERK1/2 signaling pathways as well as cell cycle regulation. Compared with Fisher's serum-free medium with insulin and EGF, in which astrocytes were less mature and needed at least 2 weeks before further study, we obtained GFAP positive astrocytes in SF-I-H medium only for 1 week. Also, Foo's method for astrocyte culture in serum-free medium with HB-EGF was unavoidable serum usage, we succeeded in culturing astrocytes avoid using of serum completely.
Notably, we observed morphological heterogeneity of astrocytes cultured in serum-free medium and FBS medium. It has been reported that astrocytes grown in FBS-containing medium exhibited unusual polygonal fibroblast-like morphology not present in vivo (Zhang et al., 2016) . Our results were consistent with previous findings that astrocyte morphology in serum-free medium was more similar to that observed in vivo (Foo et al., 2011; Puschmann et al., 2014; Zhang et al., 2016) , and astrocytes cultured in serum-free medium were smaller than those in FBS-containing medium (Puschmann et al., 2014) . Major cellular mechanisms associated with the morphological changes of astrocytes included cyclic adenosine monophosphate, intracellular calcium and small RhoGTPase, all contributed to rearrangement of actin cytoskeleton (Lau et al., 2011) . It has been suggested that HB-EGF might contribute to maintain stellation of astrocytes in serum-free medium (Puschmann et al., 2014) . Except for morphological changes, FBS affected inflammatory cascades in primary
astrocytes (Furman et al., 2010) . Additionally, the gene profiles of astrocytes cultured in serum-free medium were more closely to that of astrocytes in vivo (Foo et al., 2011) . Thus, serum-free medium might be closer to the in vivo brain microenvironment than FBS-containing medium. Although the gene profiles difference between astrocytes cultured in SF-I-H and FBS media need further investigation, our result demonstrated astrocytes cultured in SF-I-H medium could be taken as a useful astrocyte model.
Conclusion
In the present study, we found the synergistic effects of insulin and HB-EGF on the survival and proliferation of astrocytes in vitro, and demonstrated that SF-I-H medium was more effective than FBS medium on astrocyte viability. The facts that morphology of astrocytes grown in SF-I-H was similar with those in vivo suggested that SF-I-H medium containing 12.5 mM glucose is an optimal serum-free medium for astrocyte culture, providing a new cell model to study astrocyte functions without the interference of serum in future.
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